Purpose Tranexamic acid (TXA) reduces blood loss in patients undergoing total knee arthroplasty (TKA). However, few studies have reported the optimum timing and dosage for administration of TXA. The purpose of this study was to evaluate the effect of repeat-dose TXA on blood loss during TKA and the necessity of autologous blood donation or postoperative autotransfusion. Methods We enrolled 78 patients with primary osteoarthritis undergoing cemented TKAs. Consecutive patients were divided into three groups, as follows: control group (n=31), single-TXA group (n=21) in whom TXA (1,000 mg) was intravenously administered 10 min before deflation of the tourniquet, and twice-TXA group (n=26) in whom TXA (1,000 mg) was intravenously administered 10 min before deflation of the tourniquet and 3 h after the operation. We measured the volume of drained blood after the operation. Haemoglobin (Hb) levels were measured at days 1, 4 and 7 postoperation. Venous thromboembolic events (VTE) were screened using compression ultrasonography at enrollment and 1 and 7 days after operation. Results The mean volume of drained blood after the operation was lower in the twice-TXA group than in the single-TXA (p<0.001) and control (p<0.0001) groups. No significant differences were observed in the incidence of VTE between these groups.
Introduction
Total knee arthroplasty (TKA) is usually performed using a tourniquet. Several studies have shown that postoperative blood loss from drainage ranges from 500 to 1,000 ml, and a hidden loss of >700 ml also occurs [1] . Allogeneic blood transfusion carries important risks of an immunological reaction and transmission of disease, particularly infective diseases. Furthermore, blood transfusion involves additional cost [2, 3] . A surgeon may consider reducing the postoperative risks of allogeneic blood transfusion in patients by preoperative autologous blood donation [4] , postoperative blood salvage [5, 6] , anaesthetic techniques [7] and drain clamping [8, 9] .
Tranexamic acid (TXA) inhibits fibrinolysis by blocking the lysine-binding sites of plasminogen, which degrades fibrin. There are two ways to apply TXA: intravenous injection, and intra-articular injection. Recently, the effect of intra-articular TXA and drain clamping was reported [10, 11] . Although this is a simple and more efficient method to deliver TXA, TXA is applied at the only chance available, i.e. the end of the operation. On the other hand, several studies have shown that administration of 10-15 mg/kg of intravenous TXA before tourniquet release and after the operation decreases the blood loss associated with TKA [12, 13] . Administration of intravenous TXA was not associated with increased risk of deep vein thrombosis (DVT) in those studies [14] . However, few studies have reported the optimum timing and dosage for TXA administration. Thus, we performed a cohort study, not a randomised study, to evaluate the effect of repeat-dose TXA on blood loss during TKA and the necessity of autologous blood donation or postoperative autotransfusion.
Patients and methods
Between August 2009 and April 2011, we enrolled 78 patients with primary osteoarthritis who were undergoing cemented TKAs. In all patients, TKA was performed by one surgeon (ST). Exclusion criteria were preoperative hepatic or renal dysfunction, serious cardiac or respiratory disease, congenital or acquired coagulopathy and history of thromboembolic disease. Consecutive patients were divided into three groups: the control group (n=31); the intraoperative TXA group (single-TXA group, n=21), who received intravenous administration of TXA (1,000 mg; Transamin 1 g/10 ml; Daiichi-Sankyo Co Ltd, Japan) 10 min before tourniquet deflation; and intra-and postoperative-TXA group (twice-TXA group, n=26), which received intravenous administration of TXA (1,000 mg) 10 min before tourniquet deflation and 3 h after the operation. In the control group, we prepared for both autologous donation and postoperative autotransfusion (CBCII; Stryker, USA). We prepared postoperative auto-transfusion in the single-TXA group and no transfusion in the twice-TXA group.
A tourniquet was placed around the thigh and inflated to a pressure of 280 mmHg after exsanguination. An anteromedial skin incision was made, and the mini-incision midvastus approach was used in all patients. Patellar replacement was performed in all patients, and all components were fixed using cement. The medullary cavity was plugged using an autologous bone.
At the end of the procedure, the tourniquet was deflated, and major bleeding was controlled by diathermy before closure. An intra-articular drain was used. On the first postoperative day, the drain was removed and physiotherapy was initiated. Haemoglobin (Hb) levels were measured at days1, 4 and 7 postoperation. Blood loss after surgery was estimated using two different methods. The first was the standard clinical method in which blood loss was measured as the volume recovered in drains. Apparent blood loss was determined the sum of intraoperative blood loss and postoperative volume of drained blood. We measured the increase in blood volume (BV) during the following four periods: from the time of arrival in the recovery room to 3 h after the operation, from 3 h to 6 h after the operation, from 6 h to 9 h after the operation and from 9 h to 12 h after the operation. The second method was based on Hb balance [15] . We assumed that BV in litres on postoperative day 4 was the same as that before surgery. BV was estimated according to the method of Nadler and colleagues [16] . The loss of Hb was then estimated according to the following formula: 
where Hbloss (g) was the amount of Hb lost, Hbi (g/dl) was the Hb concentration before surgery, Hbe (g/dl) was the Hb concentration on postoperative day 4 and Hbt (g) was the total amount of allogeneic and autologous Hb transfused Standard thromboembolic prophylaxis was performed after surgery. Antiembolic stockings and a foot pump were used for all patients, and 2,000 IU enoxaparin sodium (Kaken Pharmaceutical Co Ltd, Tokyo, Japan) was administered starting 36 h after surgery and continuing every 24 h for 10 days [17] . Venous thromboembolic (VTE) events included symptomatic VTE or asymptomatic DVT screened routinely by compression ultrasonography at enrollment, on postoperative day1 and on postoperative day 7. When the result of compression ultrasonography was positive, enhanced computed tomography (CT) was performed to confirm the diagnosis as proximal DVT or pulmonary embolism (PE).
In all groups, we used the principles of transfusion based on the guidelines for postoperative surgical patients suggested by the American Association of Blood Banks (AABB) [18] . Transfusion was considered at a haemoglobin concentration of ≤8 g/dl or for symptoms of acute anemia. In the end, the need for transfusion was decided upon by the orthopaedic surgeon (ST) on the basis of the symptoms of acute anemia.
For statistical analysis, quantitative variables were expressed as mean and standard deviation (SD) and qualitative variables by absolute and relative frequencies. The quantitative variables were compared using analysis of variance (ANOVA) and Bonferroni multiple comparison. Pearson's chi-square test was used to calculate adverse events (AEs). Stat View Ver.5.0 was used as the statistical software. This observational study was approved by the local ethical committee, and all patients signed informed consent.
Results
The three groups were comparable in terms of age, gender, height, bodyweight, body mass index (BMI), operating time, duration of tourniquet inflation and preoperative Hb (Table 1 ).
Blood loss measured using the clinical method All groups were similar, with no significant differences in mean intraoperative blood loss (Fig. 1) .
Mean postoperative volume of drained blood was lower in the twice-TXA group (263.7 ml) than in the single-TXA (413.3 ml; p=0.030) and control (749.7 ml; p<0.0001) groups. Mean apparent blood loss was lower in the twice-TXA group (454.5 ml) than in the control (999.4 ml; p< 0.0001) and single (649.8 ml; p=0.0067) groups. The mean volume of drained blood from the time of arrival in the recovery room to 3 h after operation (po3 h) and from po3 h to po6 h was lower in the twice-TXA (p<0.0001, p< 0.0001) and the single-TXA (p<0.0001, p=0.0008) groups than in the control group. However, no significant difference was observed between the single-TXA and control groups from po6 h to po9 h (p=0.39); tmean BV was lower in the twice-TXA group than in other two groups (vs. control group, p=0.0003; vs. single-TXA group, p=0.011) (Fig. 2) .
Estimated blood loss
Mean estimated total blood loss on postoperative day 4 was lower in the twice-TXA group (915.3 ml) than in the single-TXA group (1246.6 ml) and control group (1538.3 ml) (vs. control group, p<0.0001; vs. single-TXA group, p=0.012) (Fig. 3) .
Hb balance and transfusion requirement
Hb level on postoperative day 1 was similar in the three groups. On postoperative days 4 and day 7, it was greater in the control group with autologous donation than in the single-TXA group (p<0.05). Mean volume of postoperative autotransfusion was lower in the single-TXA group (34.0 ml) than in the control group (396.8 ml) (p<0.0001). However, our results showed that allogeneic blood transfusion was not required in the TXA and control groups ( Table 2) . There was no significant difference between groups TXA tranexamic acid, BMI body mass index, Hb haemoglobin 
Adverse events
The incidence of DVT on postoperative day 1 was 12.9 % (4/31) in the control group, 9.5 % (2/21) in the single-TXA group and 11.1 % (3/26) in the twice-TXA group; and on postoperative day 7, it was 22.6 % (7/31) in the control group, 19.0 % (4/21) in the single-TXA group and 19.2 % (5/26) in the twice-TXA group. No significant differences were observed between these groups on postoperative days 1 and 7. The incidence of PE was 3 % (1/31) in the control group on postoperative day 1, and PE was not observed in the TXA group (Table 3) .
Discussion
Several studies have shown that preoperative autologous blood donation, perioperative transfusion, anaesthetic techniques and normovolemic haemodilution are useful methods for avoiding allogeneic blood transfusion. Preoperative autologous blood donation followed by autotransfusion is an expensive procedure with logistic problems in many hospitals. Furthermore, about 45 % of predonated units may be discarded for of different reasons [19] . Although the use of air tourniquet decreases intraoperative blood loss in TKA, postoperative blood loss occurs because of increased fibrinolysis in response to exsanguination [20] . Because hyperfibrinolysis is considered to be the major cause of postoperative bleeding after TKA, antifibrinolytic drugs, including aprotinin, aminocaproic acid (EACA) and TXA have been proposed. TXA has gained popularity in reducing perioperative blood loss, particularly after the publication of a trial in high-risk cardiac surgery [21] . TXA is cheaper and safer than aprotinin, much more potent than EACA and has overall good penetration into the major joints [22] . In our study, administration of TXA reduced postoperative blood loss and eliminated the need of autologous blood donation and autotransfusion. In the control group, 88 % of all drained BV was discharged until 9 h after the operation. Blood levels of TXA are reduced by half from 2 to 3 h after intravenous administration. Therefore, administration of TXA 3 h after the operation reduced blood loss from 6 h to 9 h after the operation. There was no significant difference between the three groups in mean intraoperative blood loss. We believe the reason was due to the small number of patients and the delay of TXA administration in the operation.
The use of antifibrinolytics has increased anxiety about increased thrombotic tendency. However, only case reports for cerebral thrombosis, arterial thrombosis, acute renal failure and coronary graft occlusion exist for TXA administration [23] . Furthermore, several dose-ranging studies have recommended TXA dose of up to 100 mg/kg in There was no significant difference between groups patients undergoing cardiac surgery [24] . Murkin et al. reported that a high dose of TXA ranging from 61 to 259 mg/kg had no adverse events [25] . In the case of our patients, we found no differences between the control and the two TXA groups regarding VTE rate, including asymptomatic DVT and PE. Our study has several limitations. The major limitation was the small sample size. Further, he study was not randomized. Because we excluded patients with a history of thromboembolic disease, we did not examine the risk of TXA administration for patients with VTE. The requirement for transfusion was decided upon on the basis of the symptoms of acute anemia determined by the orthopaedic surgeon (ST).
Administration of TXA twice reduced postoperative blood loss after TKA, and TXA was not associated with the risk of DVT and PE. Further, administration of TXA twice may eliminate the need for blood transfusion during TKA.
